Introduction
In recent years, several studies have focused on crustacean immunity in aquaculture and aquatic life. It is generally considered that crustacean immunity has two distinct pathways: humoral and cellular defence [1] . Hemocytes play a central role in mediating immune capability via phagocytosis, encapsulation and nodule formation, whilst humoral factors such as agglutinins, killing factors, lysins, preciptins, cytokine-like molecules and clotting agents make up the humoral defence system [2, 3] . During an invertebrate immune reaction, a pro-phenol oxidase activating system (pro-PO system) plays a vital role against pathogens or parasites and mainly consists of proteinase, pattern recognition proteins and proteinase inhibitors. These are activated by small quantities of microbial cell wall extracts such as LPS, laminarin, and peptidoglycan, that are regulated by a type of serine proteinase and its inhibitor in vivo [4] [5] [6] [7] [8] . In addition, there are some studies about the relationship between pro-PO activation and environment, in which different environmental conditions including circatidal rhythmicity, dissolved oxygen, pH, salinity and ammonia-N concentration could also affect activity of PO enzyme cascade in decapod crustaceans [9] [10] [11] .
Hemocyanin is a respiratory protein that commonly exists within the open vascular system of arthropod and mollusks [12] . Hemocyanin is a major plasmatic protein, accounting for up to 93 per cent of the whole protein in the hemolymph in crustaceans [13, 14] . Arthropod hemocyanin are considered to be multimeric, (n×6) copper-containing proteins, with an average molecular weight for each subunit being approximately 75 kDa [15, 16] . Recently, there has been a lot of evidence supporting the viewpoint that hemocyanin is a type of phenol oxidase with or without stimulant [17] [18] [19] [20] [21] [22] , that could oxidase monophenols or polyphenols into quinines. These quinones could be transformed into melanin in vivo, and then the melanin could both inhibit UV-induced lecithin peroxidation and involved in cellular inflammatory disease processes in infectious shrimps [23] [24] [25] [26] . Therefore, hemocyanin has been increasingly viewed as an important immune protein more than a respiratory pigment.
PS is a polar phospholipid that exists mainly within the inner leaflet of biological membranes and plays a vital role in a number of diverse cellular processes [27] . To begin with, PS is an important material involved in non-specific immunity. Evidence supporting this suggests that apoptosis is associated with peroxidation and externalization of PS [28] , and PS could counteract the physiological and pharmacological suppression of humoral immune response by the aging process and PS in rats [29] , could also depress the brain energy metabolism when injected intravenously into mice in the form of sonicated liposomes [30] . In addition, several studies revealed that PS participates in the activation of Hd-PO. It was shown that blood coagulation in the horseshoe crab Tachypleus tridentatus was linked to pro-PO activation of hemocyanin as mentioned previously [31] . It was also shown that PS played a specific and unique role in pro-coagulant activity during an activated partial thromboplastin time (APTT) test [32] , which meant that PS was a type of activator involved in hemagglutination. So far, only a few researchers have found that PS can convert hemocyanin into a phenol oxidase-like enzyme directly [17] . We can therefore conclude that PS is closely related to animal innate immunity and the conversion of hemocyanin into PO. However, there has been no clear study looking at the effects of PS on shrimp nonspecific immune response such as pro-PO activating system and Hd-PO activity in decapod crustaceans carried out so far, let alone studies looking at the mode of action.
Litopenaeus vannamei is widely cultivated across the world, specifically in Asian coastal regions, where it has brought mass commercial value into this area in spite of the epidemic of WSSV in 1980s, specificantipathogen mechanisms in the white shrimp have not yet been studied fully. Therefore, we investigated the influence of PS on shrimp immunity and Hd-PO activity. Moreover, we discussed the specific pathway of PS toward Hd-PO activation in relation to the regulation of PS toward the immune defense in the white shrimp. Finally, the paper was designed in order to be conducive to the study on physiological regulation in pathogen-infected L. vannamei.
Experimental Procedures

Organisms
The L. vannamei adults were purchased from a shrimp breeding farm in Shazikou Town, Qingdao. The big, sound and healthy shrimps had an average body length of 10.8±1.2 cm, an average body weight 15.7±2.3 g, and acclimated in blue tanks (50×60×40 cm), containing aerated filtered sea water (salinity 34, pH 8.0) with an air pump at 22.9±0.5°C for around a week before formal experiment. Only the intermolt stage shrimps were used for the experiment, identified by partial retraction of the epidermis in uropoda. The water was changed twice a day at about 1/3 volume of the tank and temporarily, a shrimp-oriented compound feed was given during the acclimation period until 48 h before the formal experiment.
PS Suspension preparation
PS (P7760) used in the experiment was bought from Sigma. PS suspension preparation was done as follows [17] : at first, PS solid particle was suspended in the shrimp salt solution (SSS, 450 mmol L -1 NaCl, 10 mmol L -1 KCl, 10 mmol L -1 HEPES, pH 7.3), and then it was ultrasonicated for 1 h under 4°C and degassed. Finally, the suspension was filtered via a microfiltration membrane (0.22 μm) in order to wipe out large monolayer capsules. The working solution concentrations used in this paper were 5, 10 and 20 µg mL -1 .
Experimental setup
This experiment had four treatment groups: SSS injection group, 5 μg mL -1 PS injection group, 10 μg mL
PS injection group and 20 μg mL -1 PS injection group, in which SSS injection group is a control group and every treatment group has 3 parallel groups. Each blue tank corresponded to a parallel group containing 40 shrimps. The injection was performed in the telson muscle of the shrimp using an injection volume of 50 μL per shrimp for each treatment group. This meant that each shrimp was injected 0, 0.25, 0.5 and 1 μg for each treatment group, respectively. No deaths occurred during this experiment and sampling times after injection were 0, 6, 12, 24, 36, 48 and 60 h, accordingly. Five shrimps were taken at every sampling time point and each tissue sample was pooled in each time point.
Tissue sample preparation
Hemolymph collection and plasma preparation
Hemolymph was collected from the cardiocoelom at the posterior margin of carapace from L. vannamei with a medical sterile 5 th needle and syringe of 1 mL. Before the blood drawing, 0. HEPES, pH 7.45 and 780 mOsm kg -1 ) [33] was pumped into the syringe. The hemolymph was collected with a 1:1 ratio to anticoagulant. 1.0 mL hemolymph was pipetted into an Eppendorf tube and centrifuged at 800×g for 10 min under 4°C. The blue supernatant was then gathered into a new tube and stored at -80°C as plasma sample.
Hemocyte Lysate Supernatant (HLS) preparation
After the plasma sample was prepared, cells precipitated at the bottom of the tube were suspended and rinsed gently by 150 μL SSS and centrifuged at 800×g for 10 min under 4°C. The supernatant was then discarded and the wash process was repeated once. Afterwards, 150 μL SSS was added into the tube and then the cells was broken into pieces for 1 min by Ultrasonic Cell Disruption System with output power at 20 W and duty cycle at 30% in the ice-bath. Finally, the tube was centrifuged at 15,000×g for 20 min under 4°C and the supernatant was pipetted into a new tube and stored at -80°C as the HLS sample.
Total Hemocyte Counts (THC)
After hemolymph was collected, 50 μL of hemolymph was pipetted immediately into a new tube containing 50 μL 10% formaldehyde on ice and the tube was shaken gently for several seconds to fix the hemocyte. 20 μL of hemocyte fixed by formaldehyde drop wise was added into the blood counting chamber promptly using a micropipettor. The blood counting chamber containing hemocytes was then transferred into the optical microscope (Olympus), which had been adjusted beforehand. Finally, hemocytes were observed under the optical microscope and total hemocyte counts (THC) were recorded using a cell counter.
Determination of PO activity in hemocytes
A spectrophotometrical method was employed in order to determine PO activity of HLS with L-DOPA as the substrate [6] . Initially, 100 μL HLS sample and 100 μL trypsin (25 mg mL -1 ) were added to a 96-well ELISA plate. Theplate was then put into microplate reader (MDC, spectra Max190, America), shaken for several seconds, and incubated in the dark using the microplate reader at 25°C for 25 minutes. Afterwards, the plate was taken out and 100 μL L-DOPA (3 mg mL -1 ) was added into the sample well, the plate was shaken for several seconds and then incubated in the dark for 10 minutes. After that, the optical density (OD) value at the length of 490 nm was read and recorded every 110 s 15 times in total. The absorbance of the blank control was assayed using 100 μL of SSS instead of 100 μL HLS sample. One unit of PO activity in hemocyte was defined by the increase of 0.001 in OD 490nm during one minute.
Determination of PO activity in plasma
PO activity in plasma was assayed spectrophotometrically during the formation of dopachrome from L-DOPA as previously described and modified further [34] . 100 μL plasma sample and 100 μL L-DOPA (3 mg mL -1 ) were added successively into a 96-well ELISA plate and the plate was put into microplate reader and shaken for several seconds, and next OD 490nm was read and recorded at a interval of 110 s 15 times in total. The absorbance of blank control was assayed with 100 μL SSS instead of 100 μL plasma sample. One unit of PO activity in plasma was defined by the increase of 0.001 in OD 490nm per minute per mL plasma.
Hemocyanin concentration assay
The determination of hemocyanin determination was investigated as previously described with a little modification [35, 36] . 30 μL thawed plasma sample was pipetted into a 96-well ELISA plate, and then 270 μL distilled water was added into the same hole with the microplate reader shaking for several seconds to avoid the formation of bubbles. Afterwards, the OD 335nm value of the plasma sample was read and recorded, and hemocyanin concentration (Unit: mg/mL) was calculated by the following formula:
(E stands for hemocyanin concentration, 2.3 is the extinction coefficient of hemocyanin for mg mL -1 ).
Hd-PO activity assay
The assay of hemocyanin-derived PO in plasma was determined and modified as preciously described [37] . Native-PAGE method was adopted and 4-methyl catecholamine was used as the substrate of PO activity. Protein concentrations of plasma samples were assayed by Bradford's method. Plasma samples (8 mg protein) were taken for Native-PAGE. At first, preelectrophoresis of Native-PAGE was conducted at the voltage of 25 V for 30 min with no samples in the gel. Then, the samples were mixed with 2×Native-PAGE loading buffer isovolumetrically, and pipetted into the gel with constant voltage electrophoresis (3% stacking gel, 35 V for 50 min; 5% separating gel, 90 V for 2.5 h) under 4°C. After electrophoresis, the gel was stained with 10 mM 4-methyl catecholamine (0.3% MBTH and 25% ethanol) in the dark overnight. Once the gel had been stained fully, it was scanned and photographed using a Gel Imagining System (JS-680D, Peiqing). The gel was then dyed with 0.025% Coomassie Brilliant Blue (CBB) G-250 (10% acetic acid) and decolored with 10% acetic acid until the gel background became transparent and the protein bands became sufficiently clear. Similarly, the same gel was scanned and photographed using the Gel Imagining System (JS-680D, Peiqing), and finally, the gray value of target protein band in the electrophoretogram was analyzed by the software AlphaEaseFC and the change of Hd-PO was demonstrated by the change of the gray value of target protein band in the electrophoretogram.
Antibacterial and bacteriolytic activities assay
Antibacterial and bacteriolytic activities of plasma were assayed as previously described [38] and shrimp pathogenic bacteria Vibro harveyi was used for antibacterial activity, and the bacteria Micrococcus lysoleikticus for bacteriolytic activity. Firstly, the cryopreserved liquid Vibro harveyi strains were thawed and inoculated and spread on the solid tryptone soy broth (TSB) medium containing 1.5% tryptone, 0.5% soy peptone and 2% NaCl with 1.5% agar and pH 7.2±0.2, afterwards the bacteria were incubated at 37°C for 24 h and next the bacteria were washed down gently from the plate into a new sterile tube by sterile 0.1 mol L -1 phosphate buffer solution (PBS, pH 6.4), and finally prepared into a suspension with a certain concentration (OD 570nm =0.3-0.5). It was the same with Micrococcus lysoleikticus, except that it did not need to incubated onto nutrient medium. Antibacterial and bacteriolytic activities were determined as follows: 300 μL bacterial suspension and 10 μL plasma sample were pipetted into 96-well ELISA plate and the plate was put into microplate reader and shaken for a little while, and then OD 570nm was read and recorded as A 0 . Then the plate was incubated in the microplate reader in the dark at 37°C for 30 min and OD 570nm was read and recorded as A. The antibacterial (U a ) and bacteriolytic (U L ) activities were calculated from the following equations respectively:
In order to eliminate the interference of hemocyanin, the absorbance of blank plasma control was assayed with 10 μL 0.1 mol L -1 PSB (pH 6.4) instead of 10 μL plasma sample to revise A 0 and A.
Statistical analyses
All data were carried out via ANOVA. Supposing that significance differences were figured out at 0.05 level, Least Significant Differences (LSD) Multiple Range test were employed to recognize significant differences among the treatments.
Results
Effects of PS on total hemocyte counts, and PO activities in hemocytes and plasma from L. vannamei
The results in Figure 1 demonstrated that PS had a significant influence on total hemocyte counts (THC) and PO activity in hemocytes and plasma of L.vannamei. The control group did not show an obvious change compared with the experimental groups. The results in Figure 1 showed that PS could induce the decrease of both THC and PO activity in hemocyates in L. vannamei from 0 hour to 36 th hour after injection. The lowest values were found 12h after injection (P<0.05) and they positively correlated to PS concentration ( Figure 1A, B) . After 36 hours, THC and PO activity in hemocytes in the treated groups returned to the same level as in the control group. Figure 1C showed a remarkable peak in PO activity in plasma observed between 0 hour to 48 hours. Moreover, the peak value at 12 th hour positively correlated with PS concentration. PO activity in plasma in the treated groups recovered to the same level as observed for the control group after 48 th hour.
Effects of PS on hemocyanin concentration and Hd-PO activity in plasma from
L. vannamei
Injection of PS had a significant effect on Hd-PO activity of plasma of shrimp L. vannamei (P<0.05), when compared to the control group (Figure 2 and Figure 3B ). We knew that the 450kDa protein in plasma was hemocyanin and PO-like molecule ( Figure 2 ). Both hemocyanin concentration and Hd-PO activity had a peak change at 36 hour ( Figure 3 ). There was a quick increase of Hd-PO activity from 0 hour to 12 th hour ( Figure 3B ). While hemocyanin concentration showed a slow decrease from 0 hour to 6 th hour with a gradual increase from 6 th hour to 36 th hour ( Figure 3A) . The hemocyanin concentration reached its maximum at 24 th hour and Hd-PO activity reached its maximum gray value at 12 th hour. After 36 th hour, all the experimental results became stable with no significant differences from the control group injected with SSS.
Effects of PS on antibacterial and bacteriolytic activities in plasma from
L. vannamei
The time course changes of antibacterial and bacteriolytic activities after injection of PS were presented in Figure 4 . It was indicated that the injection of PS had strong effect on antibacterial and bacteriolytic activity within 36 th and 48 th hour, respectively ( Figure 4) . Meanwhile, PS antibacterial and bacteriolytic activities reached the maximum at the time of 12h and 24h after the injection. There was a positive correlation between PS concentration and antibacterial and bacteriolytic activities; whereas the control group did not show a significant change after injection of PS. The PS activity, similarly to the control, reached plateau after 36 hours and 48.
Discussion
The present results demonstrate that PS significantly affected exocytosis of pro-PO, activation of Hd-PO activity and antibacterial and bacteriolytic activities in L. vannamei. Firstly, PS could significantly influence exocytosis of pro-PO in L. vannamei. On one hand, the current results showed that both PO activity in hemocytes and plasma changed within 36 hours and 48 hours after PS injection. It has been proven that PO almost exists in plasma [39] and that pro-PO is naturally located in hemocytes altogether [40] . Thus, we can analyze the exocytosis of pro-PO from hemocyte just by assaying PO activity in plasma and PO activity in HLS. For this reason, the results indicate that injection of PS could significantly influence the exocytosis of pro-PO in shrimp L. vannamei to a certain degree. On the other hand, the results demonstrated that PS could affect THC notably,with THC reaching its minimum at 12th hour after injection. Hence, PS was a very important material involving in the pro-PO system which could induce exocytosis of pro-PO. However, further studies needed to be carried out to investigate the specific role of PS in the pro-PO activating system in the crustaceans. Secondly, PS had a significant effect on activation of Hd-PO. Recently, PS could activate Hd-PO activity of horseshoe crab Limulus polyphemus in vitro and the PS-hemocyanin complex had a similar tertiary and quarternary structure with SDS-hemocyanin complex [17] . The present results indicated that Hd-PO activity showed a peak change within 36 hours after PS injection with a positive correlation to PS concentration. At the same time, hemocyanin concentrations behaved differently. From the different trends of hemocyanin concentration and Hd-PO activity, we might assume that an increase in Hd-PO activity requires the early supply of hemocyanin. Therefore we assumed that PS participated in the activation process of hemocyaninderived phenol oxidase, which may take part in immune defense in crustaceans, regulate pro-PO system and sustain crustacean physiological health.
Finally, PS played a significant role in influencing antibacterial and bacteriolytic activities. We observed that PS could induce peak changes of shrimp plasma antibacterial and bacteriolytic activity during 36 and 48 hours after injection. Antibacterial activity was performed dominantly by antibacterial substances like antibacterial peptides abundant in the shrimp plasma whereas bacteriolytic activity was exerted mainly by some hydrolytic enzymes toward pathogens such as lysozyme. It has been proven that PS could interact with antibacterial peptide [41] [42] [43] and bind to lysozyme [44, 45] . So we presumed that after injection of PS into shrimp, antibacterial and bacteriolytic substances could interact with PS so as to affect the biological activity of these enzymes, resulting in the distinct change of antibacterial and bacteriolytic activities in shrimp plasma.
In conclusion, PS could induce exocytosis of pro-PO, activation of Hd-PO, and antibacterial and bacteriolytic activities from L. vannamei. PS redistributed in the cytomembrane can lead to immunity activation like THC reduction, an increase in PO-like proteins as well as a rise in antibacterial and bacteriolytic activities. These changes are vital for crustaceans to deal with environmental stress and pathogen invasion, which are disadvantageous for the survival of crustaceans themselves and the aquaculture industry. Nevertheless, the true role PS plays in innate immunity in shrimp is still unclear and further investigation how PS regulates immunological proteins, enzymes or peptides is necessary. Therefore, the application arising from this study will be valuable in developing PS as a immunostimulant for crustaceans against aquatic pathogens and parasites during aquaculture. Consequently, our research highlighted the immunological function of PS in crustaceans, which enriched the theoretical study on crustacean innate immunity, conducive to put forward constructive suggestions for prevention and treatment of diseases in aquaculture.
